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We report quantum dots fabricated on very shallow 2-dimensional electron gases, only 30 nm below the surface,
in undoped GaAs/AlGaAs heterostuctures grown by molecular beam epitaxy. Due to the absence of dopants,
an improvement of more than one order of magnitude in mobility (at 2×1011 cm−2) with respect to doped
heterostructures with similar depths is observed. These undoped wafers can easily be gated with surface
metallic gates patterned by e-beam lithography, as demonstrated here from single-level transport through a
quantum dot showing large charging energies (up to 1.75meV) and excited state energies (up to 0.5meV).
Electrostatically-defined quantum dots fabricated on
high-mobility GaAs/AlGaAs heterostructure have been
− and continue to be − invaluable in many fundamen-
tal investigations, e.g. Kondo physics and spin-based
solid-state qubits. Unfortunately, the characteristics of
these devices are extremely sensitive to seemingly ran-
dom charge fluctuations in their local electrostatic po-
tential, commonly known as Random Telegraph Signal
(RTS) noise, or charge noise. Although one can perform
a biased cooling1,2 or a thermal cure3 to attempt to dras-
tically reduce the levels of charge noise on a given device,
results from both techniques vary from device to device.
Quantum dots fabricated in shallow two-dimensional
electron gases (2DEGs) have two advantages over their
deeper cousins. First, finer features can be transferred
from the surface metallic gates to the 2DEG. Second, the
energy scales of the dot levels tends to be larger, which
enable operation at higher temperatures. However, shal-
low 2DEG depths (as little as 20 nm below the surface)
come at the expense of mobility.4–14 Furthermore, the
dopant layer may partially screen surface gates (through
hopping conduction) and/or facilitate gate leakage, ren-
dering many such wafers ungateable by surface metallic
gates. The ungateability of some doped wafers is not
only restricted to shallow 2DEGs, but also can occur in
high-mobility doped wafers.15–17
The limitations described above can be circumvented
or mitigated by using undoped heterostructures in differ-
ent field-effect transistor (FET) geometries such as the
SISFET18–22 (semiconductor-insulator-semiconductor),
the MISFET23–25 (metal-insulator-semiconductor), or
the HIGFET26 (heterostructure-insulator-gate). Since
there are no intentional dopants, the 2DEG can be
brought much closer to the surface without sacrificing
mobility. Furthermore, undoped quantum dots would
not suffer from one possible source of charge noise: elec-
trons hopping between dopant sites in AlGaAs. In doped
wafers, intentional dopants typically outnumber unin-
tentional dopants 10,000 to 1 (depending on mobility).
Finally, undoped quantum dots may also interact with
fewer undesirable impurities in the vicinity and are far
more reproducible upon thermal cycling than their doped
counterparts.27 In this Letter, we compare ultra-shallow
undoped and doped GaAs/AlGaAs 2DEGs, and demon-
strate gated quantum dots on ultra-shallow undoped het-
erostructures.
Three undoped heterostructures were grown on the
same day (V625, V626, and V627) with their MBE lay-
ers shown in Figure 1(a). Details of fabrication are oth-
erwise identical to and extensively described in Ref. 28.
The surface Ti/Au gates defining our quantum dots were
fabricated by e-beam lithography directly on the sur-
face of the GaAs cap, below the insulator layer (500 nm
of polyimide, or 175 nm of SiO2). Above the insulator
layer, a Ti/Au overall topgate covers the entire surface
of the 2DEG (overlapping the ohmic contacts) and varies
the carrier density. Measurements were performed in a
pumped-3He cryostat.
The typical failure mechanism in SISFETs and MIS-
FETs are electrical shorts between the ohmic contacts
and the overall topgate.29 None of our samples suffered
from this problem. Indeed, the relationship between den-
sity and the overall topgate voltage is linear for V625
and V627 [Fig. 1(b)], and the carrier density does not
saturate with overall topgate voltage. Both observa-
tions are consistent with no leakage from the overall top-
gate to the 2DEG [Fig. 1(c)]. However, we found that
in V626 the AlGaAs barrier was not insulating enough
to prevent charge leaking between the 2DEG and the
semiconductor-insulator interface (a GaAs-polyimide in-
terface in our case). Shortly after the 2DEG is fully in-
duced, charge “seeps” through the AlGaAs barrier. As it
gradually accumulates at the GaAs-polyimide interface,
it begins to screen the overall topgate from the 2DEG,
which results in a gradual loss of carriers until the 2DEG
pinches off with time.30 In V627, increasing the energy
height of the AlxGa1−xAs barrier (by using x=0.90 in-
stead of x=0.33) eliminated the “seeping” leak between
the 2DEG and the GaAs-polyimide interface. The ultra-
shallow 2DEG in V627 was stable in time and did not
leak to the overall topgate [Fig. 1(c)], and neither do any
of our deeper undoped 2DEGs.
Figure 1(d) compares 2D transport characteristics be-
tween shallow GaAs/AlGaAs 2DEGs from our undoped
wafers and from a representative sample of published val-
ues of doped wafers. The large improvement in mobility
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FIG. 1. (a) MBE layers used in the undoped heterostructures.
(b) Carrier density versus overall topgate voltage for the V625
and V627 undoped 2DEGs. The capacitance is dominated by
the 500nm-thick polyimide layer. (c) Leakage current (right)
to the 2DEG as the overall topgate is swept, with the accom-
panying two-terminal conductance between a pair of ohmic
contacts (left). (d) Mobility versus electron density for un-
doped wafers V625 and V627, as well as various other doped
wafers in shallow 2DEGs.4–14 Lines through data points indi-
cate a gated measurement. The legend indicates the 2DEG
depth below the surface.
(more than one order of magnitude at 2×1011 cm−2) is
largely attributable to the absence of intentional dopants.
Although scattering due to surface states is significant
for a 2DEG depth less than 80 nm from the surface,28
it is still by far the scattering from remote ionized im-
purities that impairs mobility in doped shallow 2DEG
wafers.31,32 The difference in mobility between V625 and
V627 is mostly accounted for by surface states which we
simulated as a delta-doped layer at the surface for the
purposes of scattering.28
It is only recently that quantum dots have been fabri-
cated in undoped heterostructures with electrons33 and
holes.34 No RTS event could be observed in the electron
quantum dot fabricated on the SISFET of Ref. [33]. Fig-
ure 2 shows Coulomb blockade (CB) oscillations in the
weak coupling regime from one of three quantums dot
fabricated on wafer V627 (the other two devices have
similar characteristics as those shown here). The sur-
faces gates defining the quantum dot [Fig. 2(a)] do not
leak significantly below ∼0.95V [Fig. 2(b)]. Our typical
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FIG. 2. (a) Micrograph of a dot with the same dimensions as
the one reported here. The surface gates t1, t2, and t3 are held
together at the same voltage. Gates b1 and b2 control the left
and right barriers, and gate pg is the plunger. (b) Leakage
characteristics of surface gates defined by e-beam lithography,
in another similar device. (c) Measured differential conduc-
tance G (with 20µV AC excitation) showing Coulomb block-
ade (CB) oscillations from a quantum dot on wafer V627. All
CB data was obtained at an overall topgate voltage of 8.0V
(n = 2.5 × 1011 cm−2). Gates t1, t2, t3, b1, and b2 are all
held at 0.900V while pg is swept. CB peaks marked with #
and ∗ are further analyzed in Figure 4. (d) The dot is in the
weak coupling regime. (e) Even at high temperature, the CB
peaks are well resolved, indicative of a large charging energy.
leakage current is 10-20pA, the effective sensitivity floor
of our measurement setup. All surface gate voltages are
positive: they partially screen the overall topgate and
thus require a positive bias to help the overall topgate
induce a 2DEG at the center of the quantum dot. Di-
rectly underneath the surface gates, the electric field from
the overall topgate is totally screened and a 2DEG does
not form until a much higher positive voltage is applied
to the surface gates.
Despite its large dimensions, the charging energy
(U = e2/CΣ, where CΣ the total capacitance) of our our
quantum dot is rather large: U =1.25meV [Fig. 3]. By
suitably changing gate voltages, U can be tuned as high
as 1.75meV, but the dot is then no longer in the weak
coupling regime. The (weak coupling regime) charging
energy in our MISFET (U =1.25meV) is larger than that
(U =0.5meV) of the quantum dot on the SISFET from
Ref. [33]. The single-particle energy level spacing (∆E)
3FIG. 3. Source-drain bias spectroscopy. The dot is in
a slightly different regime than shown in Figure 2: gates
t1= t2= t3= 0.836V, b1=0.862V, b2=0.918V, and the over-
all topgate at 8V. Parameters extracted from this data set are:
the charging energy (U =1.25meV), the single-particle en-
ergy level spacing (∆E=0.5meV), the plunger gate lever arm
(eα=0.083meV/mV), the plunger capacitance (Cg = e/∆Vg
=9.5 aF), and the total capacitance (CΣ=128 aF).
of our quantum dot is also larger, ∆E∼ 0.5meV as op-
posed to ∆E∼ 0.2meV, and enables the observation of
excited states at 400mK. The total capacitance of our
MISFET dot (128 aF) is slightly less than that of the
SISFET dot (160 aF), and is dominated by the capaci-
tance to the large overall topgate above the quantum dot
in both cases. Using the 2D electron density and the
area implied by the measured total capacitance (assum-
ing CΣ= εA/d), there are at most ∼ 80 electrons in our
dot. The energy scales of U and ∆E are directly related
to the 2DEG depths of the SISFET (185 nm deep) and
our MISFET (30 nm deep). Using CΣ= εA/d and the
values above, we estimate a quantum dot fabricated on
a hypothetical SISFET with a 30nm deep 2DEG would
have a large total capacitance, 800−1000aF. It therefore
appears more advantageous to fabricate quantum dots
from MISFETs rather than SISFETs.
At finite temperature T , the conductance G through a
quantum dot is determined by:35
G(µ, T ) =
e2
h
C1
kT
∫ +∞
−∞
[
(hΓ)2
(E − E0)2 + (hΓ)2
]
× cosh−2
[
E − µ
2kT
]
dE (1)
where C1 is a constant, µ the chemical potential, k the
Boltzmann constant, and Γ = (ΓL+ΓR)/2 is the average
of the tunneling rates through the left and right barriers
of the quantum dot. If the dot is strongly coupled to the
leads (hΓ > kT ), the CB peak lineshape is a Lorentzian
[Vg > 0.35V in Fig. 1]. In the weak coupling regime, if
transport through the dot involves only a single energy
level and Γ is very small (hΓ ≪ kBT < ∆E < U), then
the lineshape of the CB conductance peak can be approx-
imated by:36,37
G(Vg, T ) ≈
e2
h
C2
kT
cosh−2
[
α(Vg − V0)
2kT
]
(2)
where C2 is a constant, α the lever arm of the plunger
gate, Vg the plunger gate voltage, and V0 the plunger
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FIG. 4. In all panels above, symbols are experimental data
from the CB peaks marked # and ∗ in Figure 2, solid lines
are fits to equations, and dashed lines are guides to the eye.
Extracted from DC bias spectroscopy, the value α = 0.037
meV/mV was used in these fits (e-beam gates were biased at
the same voltages as described in Fig. 2). (a)-(b) The solid
line is a fit to Eqn. (2). (c)-(d) Below 800mK, the inverse of
CB peak maximum height (Gmax) is proportional to temper-
ature. Paired panels (a)/(c) and (b)/(d) suggest only a single
energy level is involved in transport for CB peaks # and ∗. (e)
Full width at half maximum (FWHM) of both peaks against
electron temperature. (f) Electron temperature deduced from
fits of the data to Eq. (1).
voltage at the center of the CB peak. If more than one
energy level is involved in transport (hΓ≪ ∆E < kBT <
U), then the following approximation can be used:35,37
G(Vg, T ) ≈
e2
h
C3
∆E
cosh−2
[
α(Vg − V0)
2.5kT
]
(3)
where C3 is a constant and ∆E is the single-particle en-
ergy level spacing.
Figure 4 shows the analysis of the temperature depen-
dence of the CB peaks labeled “#” and “∗” in Figure
2. Both peaks fit the lineshape generated by equation
(2) [Figs. 4(a) and 4(b)]. This, combined with the linear
temperature dependence of the inverse of the maximum
CB peak height (1/Gmax) in Figs. 4(c) and 4(d), strongly
suggest single-level transport occurs at temperatures be-
low 800mK. Above 800mK, 1/Gmax becomes indepen-
dent of temperature, signalling a transition from single-
level transport (kT < ∆E < U) to multi-level transport
4(∆E < kT < U) through the quantum dot. The FWHM
of both peaks linearly increases with temperature in both
regimes [Fig. 4(e)].
When extrapolated to T=0, the FWHM of peak “#”
[Fig. 4(e)] is zero, consistent with the approximation
Γ → 0, used to derive Eqn. (2). Similarly, 1/Gmax goes
to zero at T=0 [Fig. 4(c)]. The story is different for peak
“∗”. When extrapolated to T=0, its FWHM reads the fi-
nite value 0.5mV in gate voltage units which, when con-
verted to energy units (using α = 37µeV/mV), gives
hΓ = 19µeV, a measure of the lifetime broadening of
this energy level. This is roughly half our base electron
temperature. Thus, although Eqn. (2) does not strictly
apply, the single-level transport regime is still accessible
(because hΓ < kT ). That Γ 6= 0 for peak “∗” also ex-
plains the presence of a finite offset at T = 0 for 1/Gmax
in Fig. 4(d). Stated otherwise, Gmax does not blow up
to infinity at T=0, but remains finite. This behavior is
well understood.35
In conclusion, we have shown ultra-shallow 2DEGs
(within 30 nm of the surface) in undoped GaAs/AlGaAs
heterostructures that display no parallel conduction, are
gateable, and show no hysteresis upon gate action. The
absence of dopants has improved their mobility by more
than one order of magnitude relative to their doped coun-
terparts with similar 2DEG depths and carrier densi-
ties. We have also demonstrated that these undoped
heterostructures can be used to fabricate single-electron
quantum dots defined by surface metal gates, with charg-
ing energies of up to 1.75meV and excited state energies
of up to 0.5meV.
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